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Review
This study focuses in the primary frequency control of a generic microgrid. This microgrid
consists of a Photovoltaic (PV), an Energy Storage System (ESS), a battery and a Diesel Gen-
erator (DG) which account for the majority of systems installed today, specially in remote
areas, such as islands.This thesis addresses the development of the primary frequency con-
trol of themicrogrid. The battery’s convertor is operated as a grid forming and it’s connected
in parallel with the diesel generator. The PV’s converter is operated as a grid feeding.
The control is handed as a distributed approach between the different elements of the sys-
tem. Through this work, this control is analysed, through a simulation model implemented
in PLECS® which is a Matlab blockset. The simulation model developed shows the oper-
ation of the control droop in different operating conditions, such as load and generation
changes.
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Introduction
For long, small autonomous grids have existed in remote communities where it is not fea-
sible to connect to the main power grid. Most of them using Diesel Generators DGs as the
primary source of electricity. In these cases, as the travel distance increases, so the fuel cost
does, which has a negative impact in the cost of electricity [1, 2].
Renewable DER provide an alternative to the diesel generators in remote areas. As technol-
ogy improves and becomes more accessible, hybrid microgrids have become more common
[1]. This grids have proven reliability, reduced life cycle cost and a reduction of CO2 emis-
sions [3–7].
This thesis studies a hybrid system integrated by a PV array, a storage unit and a diesel
generator. As prices for solar PV arrays continue to fall while their efficiency increases, the
need for state subsidies is diminishing and, in some markets, already completely gone [8].
However, PV power fluctuates depending on geographical location, season and weather
conditions, this may cause problems such as frequency deviations in the system in which
they are operating. Several studies have been conduct about how to minimise the negative
effects connecting a PV could have in isolated utilities [9, 10]. To date, the common solution
is to integrate an ESS, such as batteries, to compensate for the PV power fluctuations. The
improvement of PV-battery systems have been the focus of several studies [11–13]. However,
storage has some major drawbacks, the cost of the batteries, for large scale PV plants [14],
and it’s disposal in an environmental perspective.
1
2 Primary control of a microgrid operating in islanded mode
This thesis is organised as follows. Chapter 1 provides an inside to the microgrid concept
and it’s control. Chapter 2 describes and illustrates the system used. Chapter 3 introduces
Voltage Source Converter (VSC) and it’s the different operating modes. The control of this
modes it is also described. Chapter 4 goes thru a diesel generator operation, model and
control. The results of the simulations ran are presented in Chapter 5. Conclusions are
drawn in Chapter 8.
Chapter 1
Microgrids
The term microgrid was first introduced in [15, 16] as an autonomous power system that
clusters DERs, ESSs and controllable loads. The term is not strictly defined and covers a
wide range of possible systems [17–21].
The U.S Department provides the following definition in [19]: A microgrid is a local energy
grid with control capability, which means it can disconnect from the traditional grid and operate
autonomously.
1.1 Structure and components
Microgrids include Distributed Energy Resources (DER) (PV, wind turbines, combustion
engines, etc.), Energy Storage System (ESS) (batteries, flywheels, supercapacitors, etc.), and
loads. The storage devices can be charged with the excess power and discharge to cover the
deficit when needed. They are known as a fast response device [17]. Hence, they participate
in the frequency and voltage control of the AC system.
Figure 1.1 illustrates a generic configuration of a microgrid with multiple DER and loads.
The point where themicrogrid connects to the host power system is known as Point of Com-
mon Coupling (PCC). Microgrids without PCC are known as isolated microgrids.
Microgrids operate in grid-connected mode, islanded mode and are capable of handling
the transition between these modes [23–25]. During grid-connected operations, the excess
power or deficit can be traded with the upstream network. In autonomous or islanded op-
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Figure 1.1: Schematic of generic microgrid with multiple DER [22]
eration mode, the production is required to meet the local demand. In case a disturbance
occurs, the microgrid is disconnected from the network to avoid any further damage [22].
1.2 Control Hierarchy
The architecture of a microgrid control is classified as [26]:
• Centralised: Data gathered in a central controller. This controller assigns the actions of
each unit. This type of control requires communication between the central controller
and the controlled units.
• Decentralised: Each unit is controlled by a local controller, which is not aware of
system-wide variables, neither other controllers actions.
Hierarchical control provides a compromise between these two control architectures max-
imising the efficiency, reliability and controlability of the microgrid. These type of control
is organised into three main layers: primary, secondary and tertiary control [27, 28].
1.2.1 Primary control
The primary control or local control, because it’s based on local measurements and has the
fastest response time of all. Dedicated to control local variables such as frequency, voltage
and current injection [22, 28]. Islandic detection and power sharing and balance control are
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Figure 1.2: Hierarchical control levels [22]
also included in this category [23, 24, 29].
VSC used as interface for DC sources, or as part of back-to-back converters, require a spe-
cially designed control to simulate the inertia characteristic of synchronous generators and
provide appropriate frequency regulation [22, 30].
1.2.2 Secondary control
The secondary control is responsible for the reliable, secure and economical operation of
the microgrid [22, 31]. It compensates the voltage and frequency deviations, it restores the
frequency and amplitude to the nominal values. The secondary control uses communication
and wide-are monitoring systems to coordinate all the generation units within the area.
The time response of this controller is in the range of minutes, thus having a slow dynamic
against the primary control [22, 27].
1.2.3 Tertiary control
Highest level of control, which sets long term and typical "optimal" set points depending
on the host power system requirements. It is responsible for coordinating the operation of
multiplemicrogrids interactingwith one another in the system and communication needs or
requirements from the host, such as voltage support and frequency regulation. The tertiary
control is also in charge of restoring the secondary control reserves [22, 27].
This project focuses in the design and implementation of the primary frequency control.
Chapter 2
System description
The analysed system, Figure 2.1, is an isolated microgrid operating in island mode, com-
posed of a diesel generator, a battery, a PV generation system and several loads.
The 50 kVA diesel generator provides redundancy to the system in case the battery and
PV are not able to supply the load demanded. The storage unit has a grid forming inverter,
which allows it to create a gridwhen the genset is not on, and the PV array has a grid feeding
converter in place.
Through this work the following assumptions were made:
• The grid is a European AC three-phase grid.
• with a dominant inductive behaviour.
• The battery is able to supply the demand at any moment.
• There is no communications within the system. Each unit is only aware of its own
state.
6
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Figure 2.1: Schematic of the system
Chapter 3
Voltage Source Converter
Power electronics are the enabling technology to convert classical power systems into smart
grids, since they allow controlling power flows and voltages in the milliseconds range. AC-
DC converters with bidirectional power capability are key elements in a microgrid [32]. PV
and battery systems require a bidirectional AC-DC conveters in order to inject power to the
grid.
This Chapter presents a two level Voltage Source Converter (VSC).The first Section 3.1 de-
scribes the VSCmodel, followed by the description of the control strategies for the grid form-
ing and grid feeding operating mode in Section 3.2 and 3.3 respectively. Finally, Section 3.4
explains the droop control.
3.1 VSC model
A voltage source converter can be represented as the connection of two different sources,
DC and AC, where generation and or storage is connected to DC side and are represented
either as a voltage or current source connected to a shunt capacitor, C, (Figure 3.1). The grid
is connected to the other side of the converter, and it is represented by a three-phase voltage
source, by considering the inductance ll in Figure 3.1, it is regarded as a current source;
therefore the converter can be connected to the grid.
8
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(a) Voltage source
(b) Current source
Figure 3.1: DC sources [32]
Figure 3.2 displays the converter model where AC and DC sides are decoupled. The first
one is represented by AC voltage sources and the DC is modelled with a current source and
a capacitor.
Figure 3.2: Simplified Voltage Source Converter model [32]
Assuming zero losses during the conversion, the DC current source can be calculated fol-
lowing:
IDC_l =
PAC
EDC
(3.1)
where:
PAC is the active power exchange between the converter and the AC,
EDC is the DC bus voltage
IDC_l is the current injected by the source
According to the converter’s operation, they can be classified into grid forming, grid feeding
and grid supportingmode [22, 28]. The grid forming converter is in charge to set the voltage
amplitude V ∗ and frequency ω∗ of the grid. The grid feeding converter, is designed to de-
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liver power, P ∗ and Q∗, to an already energised grid. Finally, the grid supporting converter
regulates the voltage and current output to maintain the voltage amplitude and frequency
of the grid [28].
3.2 Grid forming operation mode
These converters are controlled in closed loop to work as an AC voltage source, imposing
given amplitude V ∗ and frequency ω∗. Grid forming converters should be coordinated with
other system elements, such as diesel generators to stablish the desired power sharing.
In a microgrid, the AC voltage from the grid forming power converter will be used as a
reference for the rest of the grid feeding converters connected to this one. Generally this
type of converters are connected to a stable DC source. This way they are able to absorb or
inject power on demand.
3.2.1 Control strategy
As previously mentioned, this converter has as inputs the required amplitude V ∗ and fre-
quency ω∗. The control of this type of converter consists of two cascade loops. The external
loop is in charge to regulate the voltage, the error between the reference and measured volt-
age value is the input to the controller that provides the reference current i∗. This current is
the input for the inner loop, it controls the current supplied by the converter (see Figure 3.3)
[22, 28].
The controllers are implemented on the synchronous reference frame, dq0. To facilitate the
control, in (3.2) the component d is equal to zero.
v∗Cq =
√
2√
3
VC v
∗
Cd = 0 (3.2)
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Figure 3.3: Grid forming converter control scheme
Current Loop Control
To design this control loop, the Park transform A.1, is used to work in qd0 reference. As a
result, the voltage equations of the system can be written as:vxq
vxd
−
vCq
vCd
 =
 Rb lbω
−lbω Rb

Ixq
Ixd
+
lb 0
0 lb
 d
dt
Ixq
Ixd
 (3.3)
where,
vxqd is the converter voltage in the components qd
vCqd is the capacitor voltage in the components qd
ixqd is the converter current in the components qd
Rb is the resistance of the inductance
lb is the value of the inductance
In order to individually control the components q and d a decoupling loop is introduced
(3.4), where vˆCq and vˆCd the outputs of the current controller for each element. As result,
(3.5) is the decoupled voltage equation.vCq
vCd
 =
−vˆCq + vxq − lbωIxd
−vˆCd + vxd + lbωIxq
 (3.4)
vˆCq
vˆCd
 =
Rb 0
0 Rb

Ixq
Ixd
+
lb 0
0 lb
 d
dt
Ixq
Ixd
 (3.5)
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From 3.5, the transfer function of the plant is obtained:
Figure 3.4: Current loop controller control scheme
G(s) =
Ixqd
vˆCqd
=
1
lbs+Rb
(3.6)
In order to get the controller, the Internal Model Control (IMC) design method was used,
which specifies the desired closed-loop response and solves for the resulting controller [33].
Figure 3.5 displays the control structure utilising IMC. [34] describes the process followed
in detail.
Figure 3.5: Classic control system structure
Gˆ(s) is the internal model, assuming a perfect internal model, (3.7) must be true. C(s) is the
IMC controller and L is a low pass filter and τGFI is the time constant.
Gˆ(s) = G(s) =
1
lbs+Rb
(3.7)
C(s) = G(s)−1L(s) (3.8)
L(s) =
1
τGF_I + 1
(3.9)
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The controller F (s) is related with I , identity matrix, Gˆ(s) and C(s) in the following way:
F (s) = [I − C(s)Gˆ(s)]−1C(s)
= [I −G(s)−1L(s)Gˆ(s)]−1G(s)−1L(s)
=
lbs+Rb
τGF_Is
(3.10)
from 3.10, the proportional and integral gains are obtained:
kpGF_I =
lb
τGF_I
kiGF_I =
Rb
τGF_I
(3.11)
Voltage Loop Control (VLC)
Using the following equations, the voltage loop controller is designed:
Figure 3.6: Voltage loop controller
Ixq
Ixd
−
Imq
Imd
 =
 0 Cbω
−Cbω 0

vCq
vCd
+
Cb 0
0 Cb
 d
dt
vCq
vCd
 (3.12)
Removing the decoupling loopIxq
Ixd
 =
Iˆxq + Imq − CbωVCd
Iˆxd + Imd + CbωVCq
 (3.13)
By substituting (3.13) in (3.12), the transfer function is obtained (3.15).Iˆxq
Iˆxd
 =
Cb 0
0 Cb
 d
dt
vCq
vCd
 (3.14)
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G(s) =
vC
Iˆxqd
=
1
Cbs
(3.15)
Due to the nature of the plant, which is a pure integrator, the controller will only have a
proportional gain, which will not eliminate the stationary error in case of a perturbation,
reason why a PI is needed. The PI controller for the plant obtained is the following:
kpGF_v = 2ξωn_GFCb kiGF_v = Cbω
2
n_GF (3.16)
Where ωn is the natural frequency and  is the damping ratio of the system. The time re-
sponse for this loop has to be slower than the inner loop (current loop). [35] suggests to have
a voltage loop response time τGF_v, at least, 10 times bigger than τGF_I .
3.3 Grid feeding operation mode
The main objective of this VSC is the control of the active and reactive power, which are
often regulated by a high-level controller which sets the reference values for P ∗ and Q∗, or
P ∗ and V ∗AC or V ∗DC and Q∗. These converters can operate in parallel with other converters
of the same type, but they cannot operate in island mode without a grid forming controller
or a conventional voltage source, synchronous generator [diesel] [28].
Most of the DER’s converters operate in grid feeding mode [22].
Grid feeding converters are regulated by a high-level controller, such as Maximum Power
Point Tracking (MPPT) or a power plant controller, which set P ∗ and Q∗.
3.3.1 Control strategy
Grid feeding converter are controlled as a current source. Figure 3.7 displays the control
scheme of this converter. It is a two level cascade system, the lower level regulates the AC
current in the qd0 components, while the upper-level deals with the DC bus voltage regula-
tion.
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Figure 3.7: Grid feeding converter control scheme
Phase Locked Loop (PLL)
To be able to synchronise this converter with a grid, a Phase Locked Loop (PLL) is used
to determine the angle and angular velocity of the network, Figure 3.8 displays the control
diagram used.
Figure 3.8: PLL control
The PLL design follows the procedure described in [32], which linearises the system as sec-
ond order one (3.17), by assuming a small error, resulting in equations (3.18) and (3.19).
θˆ(s)
θ
=
2ξωe + ω
2
e
s2 + 2ξωe + ω2e
(3.17)
ωe =
√
kpPLLE
τPLL
ξPLL =
√
τPLLKpPLLE
2
(3.18)
CPLL(s) = kpPLL
(
1
τPLL
+ s
s
)
(3.19)
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where,
θˆ(s) is the estimated grid angle
θ(s) the real grid angle
PLL the damping ratio
Em the admitted peak voltage value
kpPLL the controller gain
tauPLL the PLL time constant
Current Loop Control (CLC)
Assuming vzd = 0, a task performed by the PLL, the voltage equations are defined as the
following: vzq
0
−
vlq
vld
 =
 rl llωe
−llωe rl

iq
id
+
ll 0
0 ll
 d
dt
iq
id
 (3.20)
Following the same procedure used in Section 3.2. The elements q and d are decouple using
(3.21), and the transfer function is defined as (3.21). Hence, the controller gains are expressed
in (3.23). vˆlq
vˆld
 =
rl 0
0 rl

iq
id
+
ll 0
0 ll
 d
dt
iq
id
 (3.21)
G(s) =
iqd
vˆlqd
=
1
lls+ rl
(3.22)
kpGS_i =
ll
τGS_i
kiGS_i =
rl
τGS_i
(3.23)
Figure 3.9 illustrates the current loop controller block diagram.
Current reference computation
From the instantaneous power theory in the synchronous reference frame (qd0), the active
(P ) and reactive (Q) power can be expressed as (3.24). Considering that the PLL will set
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Figure 3.9: Current controller diagram
Figure 3.10: Voltage regulator block diagram
vzd = 0, the reference currents, iq and id can be expressed as (3.25). The reference currents
need to respect the converter’s physical limitations.
P =
3
2
(vqiq + vdid) Q =
3
2
(vqid − vdiq) (3.24)
i∗q =
2P ∗
3vzq
i∗d =
2Q∗
3vzq
(3.25)
DC Voltage regulator
TheDCvoltage regulator ensures the power balance between generation and injection sources
by controlling the voltage of the DC bus. Figure 3.10 displays the control proposed. Since
E2 is proportional to the capacitor’s stored energy; the output is the active power injected to
the capacitor PS . As a result, the converter reference power P ∗ is express as P ∗ = PS +PDC ,
where PDC is the power measured power before the capacitor and PC is expressed as the
equation below.
PC =
1
2
CE2 (3.26)
By implementing a PI (equation 3.17) in the designed voltage regulator controller, the gains
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obtained are the following:
DCkp = CξDCωDC DCki =
CξDCω
2
DC
2
(3.27)
3.4 Droop frequency control
Several techniques have been used for power sharing in microgrids, dealing with paralleled
UPS, such as, master-slave, average-load sharing or circular-chain controls [36]. However
this solutions are developed for parallel systems interconnected within each other. When
controllingmicrogrids, these solutions are not as suitable if generators are several kilometres
apart from each other communications might not be available. The droop control is used to
overcome this problem [22].
The droop control technique emulates the behaviour of a synchronousmachine. It regulates
the active and reactive power injected to the grid, to maintain the voltage and frequency of
the grid under control [23–25, 37].
ω = ω0 −Kp ∗ P V = V0 −Kq ∗Q (3.28)
where P andQ are the converters active and reactive power,Kp andKq are the droop slopes
andω0 and V0 the angular frequency and voltagewithout a load. When the demanded active
power increases, the frequency decreases and when the reactive power demand decreases,
amplitude increases, see Figure 3.11.
The droop control outputs, see Figure 3.12, are the inputs of the grid forming converter
Figure 3.3.
Figure 3.11: Frequency and voltage droop characteristic for inductive grids
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Figure 3.12: Frequency and voltage droop control voltage diagram
Chapter 4
Diesel Generator (DG)
Section 4.1 provides a description of the three-phase synchronous machine, followed by it’s
basic equations. Finally section 4.3 describes the excitation and speed governor control.
4.1 Physical description
Figure 4.1 displays a three-phase synchronous machine with one pair of field poles. This
machine has two main elements: the field and the armature [38].
The field winding induces alternating voltages in the armature windings by producing a
magnetic field. The windings of the armature are equally distributed with 120° spacing, to
produce displaced voltages. When carrying balanced three-phase currents, the armature
will produce a magnetic field in the rotor winding. To achieve a steady torque, the fields of
stator and rotor must rotate at the same speed, they must be synchronised.
The number of field poles pF is determined by the mechanical rotor speed n [rev/min] and
the electric frequency of the stator current, f [Hz].
n =
120f
pf
(4.1)
20
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Figure 4.1: Three-phase synchronous machine diagram [38]
4.2 Basic equations
The necessary equations for the implementation of a diesel generator are expressed below
[39].
4.2.1 Electrical system
Using Park’s transformation, see A.1, the three-phase electrical equations are transformed
to dq rotor reference frame. The electrical model is displayed in Figure 4.2.
The stator flux linkages are expressed as below.
Ψq = Llsiq + Lm,q(iq + i
′
f + i
′
k,q) (4.2)
Ψd = Llsid + Lm,d(id + i
′
g + i
′
k,d) (4.3)
(a) q axis (b) d axis
Figure 4.2: Electrical model of a synchronous machine [39]
22 Primary control of a microgrid operating in islanded mode
4.2.2 Electro-mechanical system
The electromagnetic torque is defined as:
Tem =
3
2
pf (idΨq − iqΨd) (4.4)
4.2.3 Mechanical system
The mechanical rotor speed, ωm, is represented as below:
˙ωm =
1
J
(Tem − Fω − Tmech) (4.5)
˙θm = ωm (4.6)
F is the viscous friction in [Nms].
4.3 Control
The synchronous generator is provided with two automatic controllers, one for the terminal
voltage regulation and the second one for the frequency. Being the first one the fastest one
because of the impact it has on the system stability [38, 40].
4.3.1 Excitation system
The main objective of the excitation system is to control the field current of the machine to
regulate the terminal voltage. Because of the high reliability required, each unit requires it’s
own excitation system [40].
Based on the power source for the exciter, the excitation systems are classified in three types
[40]:
• DC Excitation System, utilises a DC generator with commutator.
• AC Excitation System, uses an alternator and either stationary or rotating rectifiers to
produce the direct current needed.
• Static Excitation System (ST), transformers and rectifiers supply the power.
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Figure 4.3: General functional block diagram for synchronous machine excitation control
system [40]
4.3.2 Excitation SystemModelling
When the behaviour of synchronous is to be simulated accurately, the excitation system
models must be representing the actual performance of the equipment. In 1966, IEEE pro-
vided the initial excitation system reference models, which was further extended in 1981.
Figure 4.3 shows the general block diagram of an excitation system. Each component is
described in [40].
4.3.3 AC Excitation System
These systems uses an AC alternator and either stationary or rotating rectifier to produce
the current (DC) needed for the generator field.
Even though AC excitation systems are used for 100 MW or above [41], DC systems have
been superseded by AC and ST type systems [42]. For the purposes of this simulation an
AC1A excitation system will be used.
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Figure 4.4: AC1A - Alternator-Rectifier excitation system with non-controlled rectifiers and
feedback from exciter field current [42]
4.3.4 Type AC1A
The block diagram in Figure 4.4 represents the field controlled altenator-rectifier excitation
system, known as type AC1A.
KA, TA,KF and TF are control parameters that can be set for the excitation system, where
KA and TA are the gain and time constant of the amplifying unit. TB and TC are time con-
stants of the excitation regulator.
IFD is the field current,KD represents the load effect of the exciter. This exciter requires the
output voltage, VE , to be positive, the integral of unit of TE prevents that. KE +SE [VE ] rep-
resent the self-excitation coefficient and saturation factor and FEX is the rectifier regulation
curve described in [42].
4.3.5 Speed governor
The speed governor allows to increase or decrease the mechanical power developed by the
generating unit to ensure power balance, in the case of a frequency deviation from its rated
value.
Pmech − Pem − Pdamp = ωJ dω
dt
(4.7)
Tmech − Tem − Tdamp = J dω
dt
(4.8)
Where Tmech is the mechanical torque developed coupled at the rotor shaft of the generator,
Tdamp the damping torque which represents the friction and inefficiencies of the generator
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Figure 4.5: Standard model of diesel generator and speed governor [1]
Figure 4.6: Speed-droop characteristic
and Tem the electrical torque developed by the rotor of the generator. J is the moment of
inertia of the rotating masses coupled to the rotor shaft of the generator.
When multiple sources are working together, a droop characteristic is incorporated in the
governor to ensure stability and proper division of the load. Additionally to maintain a
constant frequency, a secondary control is required.
Themodel in Figure 4.5 is used to describe the dynamic behaviour of a small diesel-generator,
described in [43]. The speed control parameters are represented by the speed-droop charac-
teristic R, included in the governor, and the integral control gain, kf , which has as objective
to eliminate the steady-state frequency error. Td and Tsm are time constants that represent
the diesel engine and actuator valve. PL is the demanded load, ωd the generator speed and
ωe the electrical frequency of the system. Figure 4.6 illustrates the control scheme imple-
mented.
Figure 4.7: Speed governor block diagram
Chapter 5
System simulation
The system was modelled and simulated using PLECS® blockset ran with Matlab® and
Simulink®. For further details of the implementation in PLECS®, see Figure 2.1.
This chapter consists of two sections,5.1 and 5.2. The first one compiles the parameters used
for the simulations. The second section, explains each of the cases simulated as well as the
results.
5.1 Simulation parameters
The grid considered is a European AC three-phase inductive grid, see Table 5.1.
Table 5.1: Grid parameters
Parameter Symbol Value Unit
Voltage Vn 400 [V]
Frequency f 50 [Hz]
Line inductance Ll 1 [mH]
Line resistance Rl 0.1 [W]
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Table 5.2: Battery
Parameter Symbol Value Unit
Capacitance Cb 300 [µ F]
Inductance lb 5 [mH]
Resistance Rb 0.1 [W]
Current loop time constant τGFI 1 [ms]
Voltage loop time constant τGFv 10 [ms]
Damping ratio ξ 0.707
Table 5.3: Diesel Generator parameters [44]
Parameter Symbol Value Unit
Power Pg 50 [kVA]
Number of pole pairs p 1
Inertia J 1.14 [Nms2]
Friction coefficient F 0 [Nms]
Table 5.4: AC1A exciter [42]
Parameter Symbol Value Unit
Exciter constant Ke 1
Exciter time constant Te 0.8
Exciter alternator voltage V e1 4.18
Exciter alternator voltage V e2 3.14
Exciter saturation function Se[V e1] 0.10
Exciter saturation function Se[V e2] 0.03
Demagnetising factor kd 0.1
Rectifier loading factor kc 0.20
Table 5.5: Speed governor [2]
Parameter Symbol Value Unit
Governor time constant Tsm 0.5 [s]
Speed-droop characteristic R 1
6e3
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Table 5.6: PV
Parameter Symbol Value Unit
PLL proportional gain kpPLL 0.967
PLL integral gain kiPLL 302.18
Current loop time constant τGSi [ms]
DC voltage regulator damping ratio ξDC 0.707
Voltage regulator angular frequency ωDC 318 [rad/seg]
Capacitance C 500 [µF ]
5.2 Simulations
Two different microgrid configurations were analysed. This approach was used in order to
guarantee the proper behaviour of each element prior integrating them to the full system.
The first configuration only considers a microgrid formed by a DG and battery, while the
second one uses a DG, battery and a PV array.
Table 5.7 displays a summary of the four different simulated cases. PLECS’ diagrams are
available in Appendix B.1.
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5.2.1 Diesel generator and battery
Thru this section, the microgrid simulated is composed only by a diesel generator and bat-
tery. The main objective of this section is to guarantee the proper behaviour of the DG and
battery, reason why the PV unit is not simulated.
Figure 5.1: Case A and B system configuration
Case A - Diesel generator and battery working independently
The main objective of this section is to ensure the DG and the battery are able to maintain
power balance when they are in stand alone mode.
Each unit has one variable load directly connected. the DG and battery are working inde-
pendently, never connected, switch 1 remains open during the simulation. Load 1 and 2
have the same magnitude and during the first 10 s they have a magnitude of 16 kW, which
increases 4 kW when t= 10 s.
The case parameters are summarised in Table 5.8.
Table 5.8: Simulation parameters - Case A
Element Time Description
Simulation time 20 s
Load 1 and 2
0≤ t ≤ 10 s
t≥ 10 s
16 kW
20 kW
Switch 1 0≤ t ≤ 20 s Open
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Figure 5.2 illustrates the diesel generator response. Figure 5.2a displays the initialisation of
the diesel generator, whereAC1A takes around 4 s to regulate the voltage output. Figure 5.2b
displays Tmech matching Te and at t= 10 s, the torque responds to the change of frequency
as the load increases.
(a) Diesel generator - voltage initialisation
(b) Diesel generator - torque
Figure 5.2: Diesel generator response
For both units, the power generation matches the demand, see Figure 5.3a and 5.3b. Using
the same droop, R= 1Hz6kW , the frequency response of both units respond accordingly, for a 4
kW load increment, the frequency drops from 50 Hz to 49.3 6Hz, 0.66 Hz drop, see Figure
5.3.
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(a) Diesel generator power vs Load 1
(b) Battery power vs Load 2
(c) Frequency of the system
Figure 5.3: System response
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Figure 5.4 illustrates the effect the droop variation has in the frequency of the system.
Figure 5.4: R effect in the frequency with a load step of 4kW
Case B - Synchronised operation
The aim of this case is to synchronise the DG and battery once they are connected in parallel.
This case uses the same configuration as Case A, but when t= 5s the switch 1 changes status
from open to closed, see Table 5.9.
To improve the data visualisation the battery will display a negative convention. When the
battery injects power to the grid, will display negative values andwhen it absorbs the power
will be positive.
Discharge = −Pb
Charge = Pb
Table 5.9: Simulation parameters - Case B
Element Time Description
Simulation time 20 s
Load 1 and 2
0≤ t ≤ 10 s
t≥ 10 s
16 kW
20 kW
Switch 1
0≤ t ≤ 5 s
t≥ 5 s
Open
Closed
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When two generating units are connected, it is important to have the same frequency, voltage
amplitude and phase. Figure 5.5 shows that at t≤ 5 s the power injected to the grid is equal
to the demanded, both of the units have the same voltage amplitude aswell as the frequency.
Nevertheless, the voltage is de-phased, reason why after t=5 s the system becomes unstable,
at it takes longer than the simulation time to reach stability.
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(a) Power of the system
(b) Frequency of the system
(c) Voltage output
Figure 5.5: Un-synchronised systems response
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In order to improve the system performance and to reduce the length of the transients, two
steps were performed:
1. Increase the LPF cutting frequency to 50 rad/s, see Figure 5.6.
2. Introduce an initial condition in the integrator, see Figure 5.7.
By introducing increasing the LPF cutting frequency ωc, the synchronisation time reduces,
see Figure 5.6. Within 1 s the voltages from the DG and battery are in phase and the voltage
amplitude once again becomes stable, see Figure ??.
Figure 5.7 displays a faster synchronisation, where in around 0.2 s the voltage from both
units are in phase, see Figure 5.7c as well as the the frequency.
Case C - Single load
This case has as objective to simulate a system where the diesel generator and the battery
are able to share demand. From now on, the system will only have one variable load, see
Figure 5.8.
Figure B.1b illustrates the system configuration used in PLECS® during this case, while the
simulation parameters are displayed in Table 5.10.
Table 5.10: Simulation parameters - Case C
Element Time Description
Simulation time 30s
Load
0≤ t ≤ 20 s
20≤ t ≤ 30 s
16 kW
20 kW
Battery 15 s Power injection starts
Figure 5.9 displays the diesel generator covering the load when t≤ 15 s, once the battery is
connected the load is equally share between the units. The 6kW drop in the genset’s power
demand causes a 1Hz frequency increment, 5.9b. From t ≥ 20s, both units increase their
injected power as Pload increases.
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(a) Power distribution
(b) Frequency response
(c) Voltage output
Figure 5.6: System response by increasing the LPF in the droop
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(a) Power distribution
(b) Frequency response
(c) Voltage output
Figure 5.7: System response by imposing a phase offset
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Figure 5.8: Case C system configuration
(a) Power distribution
(b) Frequency response
Figure 5.9: Case C - Load sharing
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5.2.2 Diesel generator, PV and battery
Thru this section the simulations use the full system described in Chapter 2 and illustrated
in Figure 2.1.
Case D- PV integration
The simulation parameters for this case are in table 5.11
Table 5.11: Simulation parameters - Case D
Element Time Description
Simulation time 40 s
Load
0≤ t ≤ 22 s
22≤ t ≤ 40 s
20 kW
40 kW
PV 4.5≤ t ≤ 30.5 s 8 kW
Battery t≤ t ≤ 10 s Power injection starts
From Figure 5.10, when t≤ 4 s the load is fully cover by the diesel generation (PG) and as
soon as the PV unit starts injecting power (PPV ), PG reduces. As soon as, the battery starts
participating in the power injection, PG decreases once more, at this point the load is cover
by the three units. Right after the load increases, the genset and the battery compensate for
it, while PV power injection stays constant. When the PV array stops injecting power, the
system compensates for it. However it appears to fail to balance the power demanded with
the injecting, Pload < PG + PB resulting in an overproduction of 12 kW. Nevertheless, there
is no apparent change in the frequency. This overproduction is result of cable losses. the
cable losses, such losses increase as the voltage does, v2R , see figure 5.11. To minimise the
losses, Rl is reduced by 100, see Figure 5.12.
On the other hand from the frequency plot, figure 5.10b, prior t= 10 s the DG’s frequency
doesn’t reach 50 Hz, this is because of the lack of a load reference set point. Then, all the
units inject power and synchronise. At t= 22 s and t= 29 s there is a drop of frequency as
result of the load increment.
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(a) Power distribution
(b) Frequency response
Figure 5.10: Case D
Figure 5.11: Battery power output vs power injected to grid
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Figure 5.12: Battery power output vs power injected to grid
Chapter 6
Budget
In this section, the budget of this project is presented. This budgets is divided in two differ-
ent costs, labour and research infrastructure.
6.1 Labour cost
The different types of costs associated to its development are separated into labour costs and
research infrastructure.
Table 6.1: Labour cost [45]
Concept [hr] Quantity Price [AC/hr] Total [AC]
Research 250 30 7,500
Development 350 30 10,500
Writing 150 30 4,5000
Total 29,600
6.2 Research infrastructure
The research infrastructure costs englobe the software licensing, the hardware used for the
simulations and all of the associated electrical bill.
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Table 6.2: Software licensing cost [46, 47]
Software Cost [AC]
PLECS blockset 9,600
Matlab 800
Total 10,400
Because the project was developed at the CITCEA-UPC lab all the previously mentioned
concepts were provided by the university. Therefore, these costs are not directly included
in the project’s budget saving at least 10,400 AC, see Table 6.2.
6.2.1 Total cost
The total cost of this project is 29,600 AC.
Chapter 7
Environmental Impact
This section exposes the environmental impact derive from the installation of a similar mi-
crogrid to the once presented during the thesis.
7.1 Diesel generator
Burning diesel creates exhaust gasses. These generators produce carbon dioxide (CO2), ni-
trogen oxide (NOx) and particulate matter. Every litre of fuel has 0.73 kg of carbon and 2.6
kg of CO2 released [HananiaJordanMartinJasperStenhouseKailyn, 48].
A 50 kW disel generator working at at 3/4 of the load consumes around 3.4 gal/hr [49].
Considering that by installing a PV and a battery the DG works for 5 hrs/day less, the CO2
released will decrease by 167.52 kg of CO2 per day. As result, the implementation of the
battery will have an annual reduction of 61144.8 kg CO2.
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Chapter 8
Conclusion
The development of microgrids comes as a necessity for the integration of renewable energy
sources into remote communities.
This thesis models of a microgrid, with a diesel generator, a battery and a PV has been
developed and presented. Their stand alone behaviour has been report to better understand
of the potential for synchronising the system.
The grid forming and grid feeding operationmode have been comprehended. Aswell as the
droop frequency control, allowing it’s implementation, proving a successful power sharing.
Upon completion of this thesis, several lines of future work come to mind. Firstly the imple-
mentation of a energy storage management system, to monitor the state of charge of the bat-
tery for charge anddischarge. Secondly, implementing the same systemwith line impedance
highly resistance.
In conclusion, the frequency droop control method enables power sharing between gener-
ating units when communications are not available, in case either the DG or the battery fail,
the working unit will be able to maintain power balance while, as long as the load doesn’t
exceed the unit specifications.
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Appendix A
Park Transformation
A.1 Park Transformation
The Park transformation eliminates the oscillatory nature of a three phase system in abc
frame. For the controller design, it is desired to have constant values, which can be achieved
by applying the Park.
The Park transformation is given by
[xqd0] = T (θ)[xabc] (A.1)
and it’s inverse
[xabc] = T (θ)
−1[xqd0] (A.2)
where xabc is a three phase vector in the abc frame, xqd0 is the transformed vector in the dq0
frame (also known as synchronous reference frame) and θ is the voltage angle. In a balanced
system, the 0 component will be null, see figure A.1.
T (θ) is the Park transformation matrix, which is defined as the followingeq together
T (θ) =
2
3

cos(θ) cos(θ − 2pi3 ) cos(θ + 2pi3
sin(θ) sin(θ − 2pi3 ) sin(θ + 2pi3 )
1
2
1
2
1
2
 (A.3)
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Figure A.1: qd plane representation
and T (θ−1) the inverse
T (θ)−1 =

cos(θ) sin(θ) 1
cos(θ − 2pi3 ) sin(θ − 2pi3 ) 1
cos(θ + 2pi3 ) sin(θ − 2pi3 ) 1
 (A.4)
In order to achieve constant values in the dq0 frame, it is important that θ corresponds the
electrical voltage angle.The voltage and current phasors will be expressed as
V dq0 =
vq − jvd√
2
Iqd0 =
iq − jid√
2
(A.5)
The apparent power of a three phase system
S = P + jQ = 3V dq0Iqd0∗ (A.6)
By substituting (A.5) in (A.6), the active as reactive power are obtained as functions of volt-
ages and currents in the dq0 frame.
P =
3
2
(vqiq + vdid) (A.7)
Q =
3
2
(vqid − vdiq) (A.8)
A.2 Clarke Transformation
The Clarke transformation is seen as intermediate step for the Park transformation, where
the electrical quantities are expressed in αβ0 orthogonal reference frame. The null compo-
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nent is 0, α and β are magnitudes with oscillatory nature. This nature can be eliminated by
applying a θ rotation in αβ’s plane (Park transformation).
Clarke’s transformation and inverse matrix are expressed as the following:
Tαβ0 =
2
3

1 −12 −12
0 −
√
3
2
√
3
2
1
2
1
2
1
2
 (A.9)
T−1αβ0 =

1 0 1
−12 −
√
3
2 1
−12
√
3
2 1
 (A.10)
Appendix B
Model implementation in PLECS®
The implementation of the model in Plecs®follows the structure presented in the figure
below.
B.1 Diesel generator and battery
The diagrams below are visualisation aids for section 5.2.1
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(a) Case A: two variable loads connected
(b) Case B: one variable load
Figure B.1: Diesel generator and battery diagram
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B.2 Storage
The storage model has as inputs the desired grid frequency and voltage amplitude (vCq∗
which are the outputs of the droop control. Section 3.2 describes the control structure used
for the storage.
Figure B.2: Battery with grid forming converter control diagram
B.3 Photovoltaic
PV array have the same structure, described in section 3.3.
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Figure B.3: PV model
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B.4 Diesel Generator
Figure B.4: Diesel generator model
